Nichols NL, Dale EA, Mitchell GS. Severe acute intermittent hypoxia elicits phrenic long-term facilitation by a novel adenosinedependent mechanism. J Appl Physiol 112: 1678 -1688, 2012. First published March 6, 2012 doi:10.1152/japplphysiol.00060.2012.-Acute intermittent hypoxia [AIH; 3, 5-min episodes; 35-45 mmHg arterial PO 2 (PaO 2 )] elicits serotonin-dependent phrenic long-term facilitation (pLTF), a form of phrenic motor facilitation (pMF) initiated by G q protein-coupled metabotropic 5-HT2 receptors. An alternate pathway to pMF is induced by G s protein-coupled metabotropic receptors, including adenosine A 2A receptors. AIH-induced pLTF is dominated by the serotonin-dependent pathway and is actually restrained via inhibition from the adenosine-dependent pathway. Here, we hypothesized that severe AIH shifts pLTF from a serotonindependent to an adenosine-dependent form of pMF. pLTF induced by severe (25-30 mmHg Pa O 2 ) and moderate (45-55 mmHg PaO 2 ) AIH were compared in anesthetized rats, with and without intrathecal (C4) spinal A 2A (MSX-3, 130 ng/kg, 12 l) or 5-HT receptor antagonist (methysergide, 300 g/kg, 15 l) injections. During severe, but not moderate AIH, progressive augmentation of the phrenic response during hypoxic episodes was observed. Severe AIH (78% Ϯ 8% 90 min post-AIH, n ϭ 6) elicited greater pLTF vs. moderate AIH (41% Ϯ 12%, n ϭ 8; P Ͻ 0.05). MSX-3 (28% Ϯ 6%; n ϭ 6; P Ͻ 0.05) attenuated pLTF following severe AIH, but enhanced pLTF following moderate AIH (86% Ϯ 26%; n ϭ 8; P Ͻ 0.05). Methysergide abolished pLTF after moderate AIH (12% Ϯ 5%; n ϭ 6; P ϭ 0.035), but had no effect after severe AIH (66 Ϯ 13%; n ϭ 5; P Ͼ 0.05). Thus severe AIH shifts pLTF from a serotonin-dependent to an adenosine-dependent mechanism; the adenosinergic pathway inhibits the serotonergic pathway following moderate AIH. Here we demonstrate a novel adenosine-dependent pathway to pLTF following severe AIH. Shifts in the mechanisms of respiratory plasticity provide the ventilatory control system greater flexibility as challenges that differ in severity are confronted. plasticity; breathing; spinal cord; serotonin; adenosine BREATHING cannot cease for more than the briefest periods, or life will not continue. At the same time, breathing must be continuously adjusted throughout life to maintain homeostasis of arterial blood gases. Several control strategies exist to maintain respiratory homeostasis, including feedback, feedforward, and adaptive control strategies (i.e., plasticity; 38).
BREATHING cannot cease for more than the briefest periods, or life will not continue. At the same time, breathing must be continuously adjusted throughout life to maintain homeostasis of arterial blood gases. Several control strategies exist to maintain respiratory homeostasis, including feedback, feedforward, and adaptive control strategies (i.e., plasticity; 38).
Plasticity is a hallmark of the neural system controlling breathing (39) . One well-known model of respiratory plasticity is phrenic long-term facilitation (pLTF), a long-lasting increase in phrenic motor output elicited by acute exposure to intermittent hypoxia [AIH; historically, arterial PO 2 (Pa O 2 ) of [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] mmHg] (1, 5) . pLTF is relatively insensitive to details of the experimental protocol such as the level of hypoxia (30 -70 mmHg Pa O 2 ; 14, 29) or the duration of hypoxic episodes (29, 42) . However, pLTF does require episodic vs. continuous hypoxia (5) . Considerable progress has been made toward an understanding of cellular/synaptic mechanisms giving rise to pLTF (10, 28, 39) . In fact, we recently realized that multiple distinct cellular pathways give rise to long-lasting phrenic motor facilitation (pMF; a more general term that includes AIH-induced pLTF; 9). AIH-induced pLTF requires spinal serotonin (5-HT 2 ) receptor activation (3, 15, 22) and episodic spinal 5-HT receptor activation is sufficient to elicit pMF without hypoxia (25, 26) . We refer to this mechanism as the "Q" pathway since it is initiated by the G q -protein-coupled 5-HT 2 receptor (7) . Downstream signaling includes activation of protein kinase C (11, M. J. Devinney and G. S. Mitchell, unpublished observations) and new protein synthesis (3) . Specifically, new synthesis of brain-derived neurotrophic factor (BDNF) and activation of its high-affinity receptor, tropomyosin-related kinase B (TrkB), are necessary and sufficient for AIH-induced pLTF (2).
Another pathway to pMF is termed the "S" pathway (9), because it is induced by G s protein-coupled metabotropic adenosine (A 2A ; 17) or 5-HT 7 receptors (21) . Downstream signaling cascades include protein kinase A and new synthesis of an immature TrkB isoform (17) . Although we initially suspected that the Q and S pathways would summate to produce pLTF, we now know that the S pathway actually attenuates the Q pathway via cross-talk inhibition during normal AIH-induced pLTF. Thus pretreatment with spinal A 2A receptor antagonists enhances AIH-induced pLTF (20) .
Hypoxia induces ATP, adenosine, and/or adenine nucleotide release from neurons and/or glia in the central nervous system (18, 30, 43, 49) ; however, hypoxia is also reported to decrease adenosine release (8, 13) . If extracellular ATP is increased, it will be converted to adenosine by ectonucleotidases, increasing the extracellular adenosine concentration (41) . Since severe hypoxia could potentially lead to greater ATP/adenosine release from neurons and/or glia, we hypothesized that severe AIH (Pa O 2 25-30 mmHg) would shift pLTF from predominantly serotonin-dependent toward predominantly adenosine-dependent mechanisms. We tested this hypothesis in anesthetized and ventilated rats with intrathecal catheters in the cervical spinal cord, thus enabling adenosine and serotonin receptor antagonist administration near the phrenic motor nucleus (3, 20) .
MATERIALS AND METHODS

Experimental Groups
Experiments were performed with adult (3-4 mo) male SpragueDawley rats (Harlan Colony 218a; Indianapolis, IN). All experimental protocols were approved by the University of Wisconsin Animal Care and Use committee. Each rat group received one of nine treatments: 1) severe acute intermittent hypoxia (AIH; PaO 2 25-30 mmHg; n ϭ 6); 2) moderate AIH (PaO 2 45-50 mmHg; n ϭ 8); 3) vehicle (artificial cerebral spinal fluid; aCSF) without AIH (i.e., time control; n ϭ 6); 4) severe AIH ϩ the A2A receptor antagonist MSX-3 (n ϭ 6); 5) moderate AIH ϩ MSX-3 (n ϭ 8); 6) MSX-3 without AIH (n ϭ 7); 7) severe AIH ϩ the broad spectrum serotonin receptor antagonist methysergide (n ϭ 5); 8) moderate AIH ϩ methysergide (n ϭ 6); and 9) methysergide without AIH (n ϭ 5). These experimental groups enabled us to test the specific hypotheses that 1) severe AIH elicits an enhanced form of pLTF; 2) severe AIH-induced pLTF is adenosine (not serotonin) dependent; and 3) moderate AIHinduced pLTF is serotonin (not adenosine) dependent.
Experimental Preparation
Anesthesia was induced with isoflurane in an induction chamber and then maintained initially via nose cone (3.5% isoflurane in 50% O 2, balance N2). Rats were tracheotomized to enable artificial ventilation (Rodent Respirator, model 683, Harvard Apparatus, Holliston, MA; tidal volume ϭ 2.5 ml). After surgical preparations were complete, rats were converted to urethane anesthesia over 15-20 min (1.8 g/kg iv). The adequacy of anesthesia was tested before protocols commenced and immediately after the protocol was complete; adequacy of anesthetic depth was assessed as the lack of pressor or respiratory neural response to a toe pinch. After conversion to urethane anesthesia, rats were given a continuous intravenous infusion (1.5-6 ml·kg Ϫ1 ·h Ϫ1 ) of a 1:2:0.13 or 1:3:0.6 mixture of 6% hetastarch in 0.9% sodium chloride, lactated Ringer's solution, and 8.4% sodium bicarbonate to maintain fluid and acid-base balance. To monitor end-tidal PCO 2 (PETCO 2 ), a flow-through carbon dioxide analyzer was used with sufficient response time to measure PETCO 2 in rats (Capnogard, Novametrix, Wallingford, CT). PETCO 2 was maintained at 40 -45 mmHg throughout surgery. A bilateral vagotomy was performed (midcervical) to prevent entrainment of respiratory neural activity with the ventilator.
To monitor blood pressure and draw blood samples for blood-gas analysis (ABL-800 Flex, Radiometer; Westlake, OH), the femoral artery was cannulated (polyethylene catheter PE50, Intramedic). Blood pressure was monitored with a pressure transducer (Gould, P23ID) and blood samples (0.2-0.4 ml) were drawn for blood gas analysis. Blood gases were assessed during baseline before and after drug delivery, during each of the three hypoxic episodes, and at 15, 30, 60, and 90 min post-AIH. A catheter was placed in the femoral vein (polyethylene PE50, Intramedic) or tail vein (24G ϫ ¾ gauge iv catheter, Surflo). A rectal thermometer (Fisher Scientific, Pittsburgh, PA) was used to monitor body temperature and maintained (37.5 Ϯ 1°C) with a heated surgical table.
The left phrenic nerve was isolated (dorsal approach), cut distally, desheathed, and then covered with a saline-soaked cotton ball until protocols commenced. Laminectomy was performed at cervical level 2 (C 2) for all rats except those exposed to moderate and severe hypoxia without drugs. A small incision was made in the dura and a soft silicone catheter (2 Fr; Access Technologies, Skokie, IL) was inserted caudally 3-4 mm until the tip rested approximately over the C 4 segment to deliver drugs near the phrenic motor nucleus. The catheter was attached to a 50-l Hamilton syringe filled with drug or vehicle solutions as described below. Once rats were converted to urethane anesthesia, a minimum of 1 h was allowed before the experimental protocol commenced. After the neurophysiological protocol was complete, all animals were euthanized by urethane overdose.
Neurophysiological Measurements
Rats were paralyzed using pancuronium bromide for neuromuscular blockade (2.5 mg kg iv). Mineral oil was placed in the cavity and the left phrenic nerve was placed on a bipolar silver electrode to record nerve activity. Phrenic neural signals were amplified (10,000ϫ), band-pass filtered (100 -10,000 Hz, model 1800, A-M Systems, Carlsborg, WA), rectified, and integrated (Paynter filter, time constant 50 ms, MA-821, CWE, Ardmore, PA). Integrated phrenic nerve bursts were digitized (8 kHz) and analyzed using WINDAQ data-acquisition system (DATAQ Instruments, Akron, OH).
To begin a protocol, the apneic threshold was determined by lowering PET CO 2 until phrenic nerve activity ceased for ϳ1 min. The recruitment threshold was then determined by slowly increasing the PET CO 2 until phrenic nerve activity resumed (1). PETCO 2 was raised to ϳ2 mmHg above the recruitment threshold and approximately 15-20 min were allowed to establish stable neural activity (i.e., baseline). Another arterial blood sample was drawn ϳ5-10 min after drug delivery and throughout the protocol; arterial PCO 2 (PaCO 2 ) was maintained Ϯ1.5 mmHg of baseline levels by adjusting inspired CO2 or ventilator rate.
Rats receiving spinal injections received vehicle (12 l aCSF; in mM: 120 NaCl, 3 KCl, 2 CaCl 2, 2 MgCl2, 23 NaHCO3, 10 glucose, pH 7.3-7.45), 10 M MSX-3 (12 l), or 20 mM methysergide maleate (15 l). MSX-3 was stored as 2 mM, 5-l aliquots. For experiments, 995 l aCSF was added to give a final concentration of 10 M (130 ng/kg; Sigma Aldrich); drug solutions were delivered slowly over 1 min, 5 min prior to the first hypoxic episode (or equivalent time for control groups) as described previously (17, 20) . Methysergide maleate (20 mM; 300 g/kg; Sigma Aldrich) was prepared on the day of experiments; the drug was delivered slowly over 1.5-min, ϳ10 -15 min prior to the first hypoxic episode as previously described (3) . Methysergide was given ϳ10 -15 min prior to the first hypoxic episode instead of 5 min like MSX-3 because methysergide is reported to increase baseline phrenic nerve activity whereas MSX-3 is not (3, 20) . However, baseline activity was not significantly affected by methysergide in the present study (not shown). Control rats that did not receive AIH were injected with either vehicle (aCSF, 12 l) 5-10 min prior, MSX-3 (12 l) 5 min prior, or methysergide (15 l) 10 -15 min prior to initiating an experimental protocol.
Acute intermittent hypoxia was achieved by delivering 3, 5-min episodes of isocapnic (Ϯ1.5 mmHg) hypoxia separated by 5-min intervals of baseline oxygen levels (ϳ51% inspired O2; PaO 2 Ն 150 mmHg). Moderate hypoxia was achieved by maintaining Pa O 2 between 45 and 55 mmHg, whereas severe hypoxia was 25-30 mmHg. PaO 2 was verified by blood-gas analysis during each hypoxic episode. Following the third hypoxic episode, all animals were returned to baseline inspired O 2 levels and maintained for the duration of the experiment.
Data Analyses
Integrated phrenic nerve burst amplitude was averaged over 1-min bins at each experimental time point (baseline, 15, 30, 60, and 90 min). When comparing phrenic nerve burst voltage at baseline between treatment groups, a one-way ANOVA design was used. Phrenic nerve burst amplitude was normalized as a percent change from baseline activity. Respiratory frequency was also normalized to baseline and expressed as an absolute difference in bursts per minute. For all statistical comparisons within and between treatment groups for nerve amplitude, respiratory frequency and blood gases (15-, 30-, 60-, and 90-min time points), a two-way ANOVA with a repeatedmeasures design was used. pLTF was determined as when time points were significantly different from baseline within a group in addition to comparison to the relevant time control experiment. Hypoxic episodes were compared within groups with a two-way ANOVA with a repeated-measures design. Phrenic responses between hypoxic episodes and among groups were analyzed using a two-way ANOVA with a two-factor arrangement and repeated-measures design. Individual comparisons were made using the Fisher's least significant difference post hoc test (SigmaPlot version 12.0; Systat Software, San Jose, CA). All differences between groups were considered significant if P Ͻ 0.05, and all values are expressed as means Ϯ 1 SE.
RESULTS
Blood Gases and Mean Arterial Pressures
During hypoxic episodes. Although arterial PCO 2 (Pa CO 2 ) during hypoxic episodes differed between three treatment groups (moderate ϩ MSX-3, severe ϩ methysergide, and moderate ϩ methysergide), Pa CO 2 was regulated within 1.5 mmHg of its baseline value in all groups studied (Table 1) . Thus changes in integrated phrenic nerve burst amplitude with time could not be attributed to differences in chemoreceptor feedback occurring following intermittent hypoxia. In all but one instance, Pa O 2 was successfully maintained within the target range for severe (25-30 mmHg) and moderate (45-55 mmHg) AIH (Table 1) . Mean arterial pressure (MAP) did not differ within groups, but MAP was significantly lower during severe vs. moderate AIH (Table 1) .
Baseline and 90-min posthypoxia. Measurements of Pa CO 2 and Pa O 2 during baseline conditions were similar in all experimental groups (Table 2 ). In all groups receiving spinal injections, Pa CO 2 was regulated within 1.5 mmHg of baseline values throughout the protocol, and Pa O 2 was maintained above 150 mmHg at all times posthypoxia (Table 2) . MAP was similar among groups at baseline (except for those rats treated with methysergide; see below) and at 90 min posthypoxia (Table 2 ).
Thus differences in Pa CO 2 , Pa O 2 , or MAP regulation among groups cannot account for differential pMF responses. However, methysergide administration significantly lowered MAP at baseline and compared with AIH alone at 90 min in both the severe and moderate AIH groups. In methysergide-treated groups, it is possible, but unlikely, that decreased MAP modified AIH-induced phrenic motor facilitation since 1) Bach and Mitchell (1) observed that MAP changes of 20 mmHg from control cause little consistent change in respiratory activity in rats; and 2) Neverova et al. (40a) found that larger blood pressure changes due to blood withdrawal had no major effect on LTF in the hypoglossal nerve. Thus it is difficult to argue that a decrease in MAP of 16 -25 mmHg post-methysergide had a major impact on the results of this study, although we do not rule out slight modifications in pLTF based on differences in blood pressure regulation. Regardless, such an effect would not alter the fundamental conclusions of this study.
Progressive Augmentation of the Short-Term Hypoxic Phrenic Response
Progressive augmentation has been characterized as a progressive increase in the magnitude of the short-term hypoxic ventilatory (or phrenic) response from the initial to the final episode of an intermittent hypoxia protocol (31, 44) . Although progressive augmentation is not generally observed in phrenic activity of rats receiving moderate AIH (1, 17, 19) , all severe (Table 1) . Hypoxic episodes for all severe AIH-treated groups (i.e., with or without MSX-3 or methysergide pretreatment) were significantly greater than corresponding hypoxic episodes in moderate AIH-treated rats (Fig. 1 , A-C; P Ͻ 0.05). As reported previously, progressive augmentation was not observed in any of the moderate AIH-treated groups (no drugs: 71 Ϯ 11%, 72 Ϯ 15%, and 71 Ϯ 11% for episodes 1-3, respectively, n ϭ 8, Fig. 1A ; MSX-3: 82 Ϯ 10%, 83 Ϯ 19%, and 79 Ϯ 16%, n ϭ 8, Fig. 1B ; methysergide: 74 Ϯ 16%, 69 Ϯ 14%, and 74 Ϯ 18%, n ϭ 6, Fig. 1C ; P Ͼ 0.05 for all groups). In time control rats without AIH, there were no detectable increases in phrenic activity (relative to baseline there were no significant differences between groups for baseline phrenic discharge: 1.7 Ϯ 0.2 V for controls where no drug was given, 1.3 Ϯ 0.3 V for MSX-3 time controls, and 2.0 Ϯ 0.4 volts for methysergide time controls; data not shown) at times corresponding to hypoxic episodes in AIH protocols (no drug: 0.6 Ϯ 2%, 2 Ϯ 7%, and 5 Ϯ 7%, n ϭ 6, Fig. 1A ; MSX-3: Ϫ2 Ϯ 3%, 0.4 Ϯ 5%, and 2 Ϯ 1%, n ϭ 7, Fig. 1B ; methysergide: 3 Ϯ 1%, 1 Ϯ 5%, and 9 Ϯ 3%, n ϭ 5, Fig. 1C ; P Ͼ 0.05 for all groups). Typical phrenic neurograms during experimental protocols for each treatment group are illustrated in Figs. 2-4 (no drugs: Fig. 2 ; MSX-3: Fig. 3 ; methysergide: Fig. 4 ).
Severe AIH Elicits Greater pLTF vs. Moderate AIH
Previously studied protocols of moderate AIH (35-45 mmHg) elicited a pLTF of 50 -60%, at 60 min posthypoxia (3, 4, 27, 50, 20) . Here, we investigated AIH-induced pLTF in two different ranges of hypoxia: 1) severe (25-30 mmHg) or 2) more moderate hypoxia (45-55 mmHg) than in previous studies (see Figs. 2-4 for examples of typical phrenic neurograms). The moderate AIH protocol used here elicited smaller pLTF than historical reports, although we did not investigate the same range of AIH (Pa O 2 35-45 mmHg); in the present study, pLTF was 41 Ϯ 12% baseline at 90 min post-AIH (P Ͻ 0.05; n ϭ 8; Fig. 2, B  and D) . Severe AIH elicited greater pLTF vs. moderate AIH (Fig. 2, A and D) (pLTF: 78 Ϯ 8% baseline at 90 min post-AIH; P Ͻ 0.05; n ϭ 6). Time control experiments without AIH did not exhibit changes in phrenic burst amplitude at any time point (Ϫ0.7 Ϯ 3% baseline at 90 min; P Ͼ 0.05; n ϭ 6) (Fig. 2, C and D) .
In this experimental preparation, AIH-induced frequency LTF is typically smaller than pLTF in burst amplitude (4). Both severe AIH-treated rats and animals treated as time controls exhibited significantly greater frequencies at 60 min post-AIH compared with their respective baselines (8 Ϯ 2 bursts/min for severe at 60 min post-AIH, n ϭ 6; 4 Ϯ 2 bursts/min for vehicle-or time control-treated rats at 60 min post-AIH, n ϭ 6; expressed as a percent change from baseline in Figs. 2E and Fig. 5C ; P Ͻ 0.05), whereas severe AIH-treated animals also had greater frequency LTF at 90 min post-AIH compared with baseline and time control rats (8 Ϯ 2 bursts/min for severe at 90 min post-AIH, n ϭ 6; Ϫ0.1 Ϯ 2 bursts/min for vehicle-or time control-treated rats at 90 min post-AIH, n ϭ 6; expressed as a percent change from baseline in Fig. 2E and 5C ; P Ͻ 0.05). Severe AIH-induced frequency LTF was also significantly greater than in moderate AIH-treated animals at 60 and 90 min posthypoxia, (Ϫ0.1 Ϯ 0.8 bursts/min at 60 min post-AIH and Ϫ0.5 Ϯ 3 bursts/min for moderate at 90 min post-AIH, n ϭ 8; expressed as a percent change from baseline in Figs. 2E and 5D ; P Ͻ 0.05).
Severe AIH-Induced pLTF is Adenosine Dependent
Enhanced pLTF following severe AIH requires (spinal) adenosine receptor activation since spinal delivery of the A 2A receptor antagonist MSX-3 significantly attenuated severe AIH-induced pLTF. Severe AIH ϩ MSX-3 elicited a pLTF lower than severe AIH alone at all time points (28 Ϯ 6% baseline at 90 min post-AIH; P Ͻ 0.05; n ϭ 6; Figs. 3, A and D, and 5A). This attenuated response was still significantly greater than baseline and MSX-3 time controls without AIH at all time points (8 Ϯ 4% baseline at 90 min post-AIH; P Ͻ 0.05; n ϭ 7; Fig. 3, C and D) . Despite significant pLTF attenuation, severe AIH following MSX-3 still caused significant pLTF at the 15-min time point (24 Ϯ 5% baseline at 15 min; P Ͻ 0.05; Figs. 3, A and D, and 5A ) vs. MSX-3 time controls without AIH (4 Ϯ 2% baseline at 15 min; P Ͻ 0.05; Fig. 3, C and D) .
Collectively, these data demonstrate that spinal A 2A receptor activation is necessary for full expression of severe AIHinduced pLTF. Last, severe AIH-induced frequency LTF was present but small with spinal MSX-3, and was significantly greater than baseline and time-control rats treated with spinal MSX-3 at 30, 60, and 90 min post-hypoxia ( Fig. 3E ; P Ͻ 0.05).
Spinal A 2A Receptors Constrain Moderate AIH-Induced pLTF
Spinal A 2A antagonists enhanced pLTF following moderate AIH (20) . Spinal A 2A receptor antagonists enhanced pLTF in this range of Pa O 2 , presumably by relieving cross-talk inhibition of pLTF (20) . Here we confirmed that spinal pretreatment with MSX-3 before a more moderate protocol of AIH also enhanced pLTF from 30 to 90 min post-hypoxia (moderate AIH ϩ MSX-3: 86 Ϯ 26% baseline at 90 min; n ϭ 8; moderate AIH alone: 41 Ϯ 12% baseline at 90 min post-AIH; P Ͻ 0.05; Figs. 3, B and D, and 5B). This enhanced pLTF following MSX-3 treatment and moderate hypoxia is similar in magnitude to pLTF elicited by severe AIH alone (Fig. 5) . MSX-3 time controls without AIH did not affect phrenic motor output Fig. 2 . Severe AIH elicits enhanced phrenic long-term facilitation (pLTF) vs. pLTF induced by moderate AIH. A-C: representative traces of compressed, integrated phrenic neurograms during severe and moderate AIH compared with rats treated as time controls and not exposed to AIH (white, dashed line in each trace indicates baseline). In A, rats exposed to severe AIH exhibit enhanced pLTF. In B, rats exposed to moderate AIH exhibit typical pLTF. In C, time control rats not exposed to AIH do not exhibit time-dependent changes in phrenic motor output. D: phrenic burst amplitude (percentage change from baseline) in severe (n ϭ 6; circles) and moderate AIH (n ϭ 8; squares) protocols compared with rats treated as time controls (n ϭ 6; triangles) and not exposed to AIH. pLTF is significantly elevated following severe AIH at 15, 30, 60, and 90 min post-hypoxia compared with baseline (BL; †), rats treated with moderate AIH (#) and rats treated as time controls (*) (all P Ͻ 0.05). pLTF is significantly elevated following moderate AIH at 30, 60, and 90 min post-hypoxia compared with BL ( †) and rats treated as time controls at 90 min post-hypoxia (*) (P Ͻ 0.05). E. Phrenic frequency (percentage change from baseline) in severe (circles) and moderate AIH (squares) protocols compared with rats treated as time controls (triangles) and not exposed to AIH, where phrenic frequency was scaled the same as phrenic burst amplitude to enable direct comparisons of magnitude. Minimal LTF in phrenic nerve burst frequency is seen with severe AIH at 60 and 90 min posthypoxia compared with BL ( †), rats treated with moderate AIH (#) and only at 90 min post-hypoxia compared with rats treated as time controls (*) (all P Ͻ 0.05). Minimal LTF in phrenic nerve burst frequency is seen with moderate AIH only at 60 min posthypoxia compared with BL ( †) (P Ͻ 0.05).
at any time point (8 Ϯ 4% baseline at 90 min; P Ͼ 0.05; n ϭ 7; Fig. 3, C and D) .
Moderate AIH-induced frequency LTF was also present but small with spinal MSX-3; frequency was significantly greater than baseline and time-controls rats treated with spinal MSX-3 only at 90 min post-hypoxia (4 Ϯ 2 bursts/min for moderate ϩ MSX-3, n ϭ 8; Ϫ0.7 Ϯ 1 bursts/min for MSX-3 time controls, n ϭ 7; expressed as a percent change from baseline in Fig. 3E ; P Ͻ 0.05). Severe AIH-induced frequency LTF with spinal MSX-3 was significantly larger than moderate AIH ϩ MSX-3-treated animals at 30 (8 Ϯ 2 bursts/min for severe ϩ MSX-3, n ϭ 6; 2 Ϯ 1 bursts/min for moderate ϩ MSX-3, n ϭ 8; expressed as a percent change from baseline in Fig. 3E ; P Ͻ 0.05) and 60 min post-hypoxia (8 Ϯ 2 bursts/min for severe ϩ MSX-3, n ϭ 6; 2 Ϯ 2 bursts/min for moderate ϩ MSX-3, n ϭ 8; expressed as a percent change from baseline in Fig. 3E ; P Ͻ 0.05). Last, moderate AIH-induced frequency LTF was significantly greater in rats treated with MSX-3 than with no drug at 90 min post-hypoxia (4 Ϯ 2 bursts/min for moderate ϩ MSX-3 and Ϫ0.5 Ϯ 3 bursts/min for moderate with no drug; expressed as a percent change from baseline in Fig. 5D ; P Ͻ 0.05)
Severe AIH-Induced pLTF Does Not Require Spinal Serotonin Receptor Activation
Moderate AIH-induced pLTF requires spinal serotonin receptor activation (3); specifically, pLTF is blocked by intrathecal injection of the broad spectrum serotonin receptor antagonist methysergide maleate (3, 20) . Spinal delivery of methysergide, prior to the more moderate AIH protocol used here, also blocked pLTF at all time points (12 Ϯ 5% baseline at 90 min; P Ͻ 0.05; n ϭ 6) vs. moderate AIH alone (Figs. 4, B and  D, and 5B); this response was not different from methysergide time controls without AIH (8 Ϯ 6% baseline, P ϭ 0.79 at 90 min, n ϭ 5; Fig. 4, C and D) . There were no significant differences in burst frequency for moderate AIH ϩ methysergide-treated animals ( Fig. 4E ; P Ͼ 0.05).
In stark contrast, pLTF induced by severe AIH does not require spinal serotonin receptor activation. Severe AIH-in- Fig. 3 . Severe, not moderate, AIH-induced pLTF is significantly attenuated by pretreatment with 10 M MSX-3. A-C: representative traces of compressed, integrated phrenic neurograms during severe and moderate AIH compared with rats treated as time controls and not exposed to AIH after 10 M MSX-3 spinal delivery (white, dashed line in each trace indicates baseline and black arrow indicates time of 10 M MSX-3 delivery which was ϳ5 min before the first hypoxic episode in each group). In A, rats exposed to severe AIH after spinal MSX-3 exhibit attenuated pLTF. In B, rats exposed to moderate AIH after spinal MSX-3 exhibit pronounced pLTF. In C, time control rats not exposed to AIH after spinal MSX-3 do not exhibit time-dependent changes in phrenic motor output. D: phrenic burst amplitude (percentage change from baseline) in severe (n ϭ 6; circles) and moderate AIH (n ϭ 8; squares) protocols compared with rats treated as time controls (n ϭ 7; triangles) and not exposed to AIH after 10 M MSX-3 spinal delivery. pLTF is significantly elevated by moderate AIH after 10 M MSX-3 at 15, 30, 60, and 90 min posthypoxia compared with BL ( †), and at 30, 60, and 90 min posthypoxia compared with rats treated as time controls (*) (all P Ͻ 0.05). pLTF following severe AIH after 10 M MSX-3 is significantly attenuated compared with moderate AIH at 60 and 90 min posthypoxia (#) (P Ͻ 0.05) and is significantly increased at 30, 60, and 90 min posthypoxia compared with BL ( †) (P Ͻ 0.05). E: phrenic frequency (percentage change from baseline) in severe (circles) and moderate AIH (squares) protocols compared with rats treated as time controls (triangles) and not exposed to AIH after 10 M MSX-3 spinal delivery, where phrenic frequency was scaled the same as phrenic burst amplitude to enable direct comparisons of magnitude. Minimal LTF in phrenic nerve burst frequency is seen with severe AIH at 30, 60, and 90 min posthypoxia compared with BL ( †) and rats treated as time controls (*), but only at 30 and 60 min posthypoxia compared with moderate AIH (#) (all P Ͻ 0.05). Minimal LTF in phrenic nerve burst frequency is seen with moderate AIH at 90 min posthypoxia compared with BL ( †) and rats treated as time controls (*) (P Ͻ 0.05).
duced pLTF with spinal methysergide pretreatment was not significantly different from the response shown in Fig. 2D ; pLTF was significant at all time points post-AIH (66 Ϯ 13% baseline at 90 min post-AIH; P Ͻ 0.05 vs. baseline and methysergide time controls without AIH; not different from severe AIH alone at all points; P Ͼ 0.05; Figs. 4, A and C, and  5A ). An untested assumption is that the dose of methysergide used was sufficient to block serotonin-dependent pLTF during severe AIH, although we ensure that this is the case. The same dose blocks powerful activation of phrenic motor neurons elicited by pharmacological activation of serotonin receptors (40) . Regardless, our data demonstrate that mechanisms of pLTF differed markedly between moderate (serotonergic) and severe (adenosinergic) AIH protocols. Last, severe AIH-induced frequency LTF was present but very small with spinal methysergide and was significantly different from baseline at 60 min post-hypoxia ( Fig. 4E; P Ͻ 0.05) .
DISCUSSION
Here we demonstrate for the first time that AIH-induced pLTF arises from distinct mechanisms depending on the severity of hypoxia during AIH episodes. pLTF and ventilatory LTF in rodents have typically been studied after moderate AIH (35-45 mmHg Pa O 2 ; 1, 14, 4, 32). This model of pLTF results predominantly from a serotonin-dependent mechanism referred to as the Q pathway to phrenic motor facilitation (pMF; 9; Fig. 6 ), since spinal G q protein-coupled metabotropic serotonin receptors are necessary (3) and sufficient (26) to elicit the response. A distinct cellular mechanism giving rise to pMF is initiated by G s proteincoupled metabotropic receptors, such as the adenosine 2A (A 2A ; 17) or serotonin type 7 receptor (21). This is referred to as the S pathway to pMF (9; Fig. 6 ). Contrary to our initial expectations, these unique pathways to pMF interact in a complex way: crosstalk inhibition (20) . Thus, when the S pathway is blocked with A 2A or 5-HT 7 receptor antagonists in the cervical spinal cord, moderate AIH-induced pLTF (i.e., the Q pathway) is amplified, likely due to a higher 5-HT 2 receptor abundance and a slightly higher affinity of these receptors for serotonin (vs. 5-HT 7 ) (20; Hoffman and Mitchell, unpublished observations; Figs. 3, B and  D, and 5B).
Since multiple pathways to pMF exist, it is important to understand conditions under which each pathway is utilized, Fig. 4 . Moderate, not severe, AIH-induced pLTF is significantly inhibited by 20 mM methysergide. A-C: representative traces of compressed, integrated phrenic neurograms during severe and moderate AIH compared with rats treated as time controls and not exposed to AIH after 20 mM methysergide spinal delivery (white, dashed line in each trace indicates baseline and black arrow indicates time of 20 mM methysergide delivery which was ϳ10 min before the first hypoxic episode in each group). In A, enhanced pLTF (after severe AIH) is not altered in rats pretreated with spinal methysergide. In B, rats exposed to moderate AIH after spinal methysergide delivery exhibit abolished pLTF. In C, time control rats not exposed to AIH after spinal methysergide delivery do not exhibit time-dependent changes in phrenic motor output. D: phrenic burst amplitude (percentage change from baseline) in severe (n ϭ 5; circles) and moderate AIH (n ϭ 6; squares) protocols compared with rats treated as time controls (n ϭ 5; triangles) and not exposed to AIH after 20 mM methysergide spinal delivery. pLTF is significantly increased by severe AIH after 20 mM methysergide delivery at 15, 30, 60, and 90 min posthypoxia compared with BL ( †), at 15, 60 and 90 min posthypoxia compared with rats treated with moderate AIH (#) and at 60 and 90 min posthypoxia compared with rats treated as time controls (*) (all P Ͻ 0.05). Notice that phrenic amplitude in rats treated with moderate AIH after 20 mM methysergide is not significantly different from BL or from rats treated as time controls; thus moderate AIH induced pLTF is inhibited by 20 mM methysergide. E: phrenic frequency (percentage change from baseline) in severe (circles) and moderate AIH (squares) protocols compared with rats treated as time controls (triangles) and not exposed to AIH after 20 mM methysergide spinal delivery, where phrenic frequency was scaled the same as phrenic burst amplitude to enable direct comparisons of magnitude. Minimal LTF in phrenic nerve burst frequency is only seen with severe AIH at 60 min posthypoxia compared with BL ( †), (P Ͻ 0.05).
particularly since mutual inhibition suggests that only one pathway is used at a time. An animal may shift from one mechanism to another with changes in the nature, the duration, or the severity of the inducing stimulus. Here, we investigated intact rats exposed to differing severities of AIH to test the hypothesis that pLTF would shift from a predominantly serotonergic (Q) to a predominantly (S) adenosinergic mechanism of pMF. Specifically, we predicted that severe AIH shifts the A: moderate AIH. 1) During moderate hypoxia, we postulate that classical pLTF is triggered via the "Q" pathway (5-HT2 receptor dependent). The dominant "Q pathway" to pMF during moderate hypoxia likely occurs from new BDNF synthesis and subsequent activation of its high-affinity receptor, mature TrkB. At the same time, activation of A2A receptors (Gs coupled) via adenosine elicits the less dominant "S pathway" to pMF. We suggest that new TrkB synthesis (immature form) within phrenic motor neurons normally results in a constraint on the "Q" pathway during moderate hypoxia. 2) Inhibition of 5HT receptors via methysergide inhibits moderate AIH-induced pMF. 3) MSX-3 spinal delivery inhibits A2A receptors and results in enhanced pMF, most likely as a result of a constraint on the "Q" pathway being relieved. B: severe AIH. 4) During severe hypoxia, we postulate that pMF is triggered via the "S" pathway. The "S" pathway likely occurs from severe AIH causing release of adenosine/ATP from neurons/glia and subsequently activating A2A receptors to cause new TrkB synthesis (immature form) within phrenic motor neurons and elicit pMF. We suggest that at the same time, the "Q" pathway is inhibited due to inhibition from the "S" pathway. 5) MSX-3 spinal delivery before severe AIH inhibits A2A receptors and results in attenuated pMF. 6) Methysergide spinal delivery before severe AIH does not affect severe AIH-induced pMF; thus the "Q" pathway is not constraining the "S" pathway during severe AIH.
balance toward A 2A receptor-induced pMF. This hypothesis was based on literature reports that 1) hypoxia induces ATP/ adenosine/adenine release from neurons and astrocytes (43, 49, 18, 30) ; 2) ATP is converted to adenosine via endonucleotidases (41); and 3) adenosine elicits pMF by activating A 2A receptors, presumably on nearby phrenic motor neurons (17) . Further, severe hypoxia results in a release of both adenosine and serotonin in the brain stem of anesthetized cats (45) . Thus greater serotonin release during severe AIH may elicit more relative activation of the less abundant and lower affinity 5-HT7 (S) receptor, further constraining 5-HT2 (Q) receptorinduced pLTF (25) .
In support of our hypothesis, we demonstrate that 1) severe AIH elicits greater pLTF vs. moderate hypoxia; 2) pLTF elicited by severe AIH is attenuated by intrathecal administration of a selective A 2A receptor antagonist, much in contrast to its effects on moderate AIH-induced pLTF (enhancement); and 3) pLTF following moderate hypoxia is blocked by intrathecal administration of the broad-spectrum serotonin receptor antagonist methysergide, whereas this same treatment has no effect on severe AIH-induced pLTF. Collectively, these observations suggest that severe AIH shifts pLTF from a serotonergic toward an adenosinergic mechanism.
Progressive Augmentation During Severe Intermittent Hypoxia
An unanticipated observation was that, in contrast to moderate AIH, severe AIH elicits progressive augmentation of the short-term hypoxic phrenic response. Although progressive augmentation of the phrenic hypoxic response has been described previously (44), it has not been observed in anesthetized rats exposed to moderate AIH, as confirmed here. The mechanism of progressive augmentation remains unknown, although it does not require activation of either spinal A 2A or serotonin receptors (Fig. 1) . Other, as yet unknown, mechanisms associated with severe AIH must contribute to this response.
Enhanced pLTF After Severe AIH
Since electrical activation of carotid chemoafferent neurons without hypoxia (12, 19, 24, 35) and moderate AIH both elicit 5-HT 2 receptor-dependent pLTF (15, 36) , the predominant mechanism of pLTF in these conditions appears to be the Q pathway (9) . Without chemoafferent neuron activation, sustained severe hypoxia exerts direct effects on CNS neurons and glia, leading to pMF via alternate, serotonin-independent mechanisms (e.g., 16, 34) . In carotid denervated rats (6) , or in rats with pharmacologically suppressed peripheral chemoreceptors (48), the hypoxic phrenic response is reduced to Ͻ30% of normal, yet considerable pLTF is still observed (ϳ60 -70% of normal). The mechanism of this residual pLTF is not yet known, although it may reflect serotonin-independent, adenosine 2A receptor-dependent mechanisms (48) . Carotid denervation may shift the balance from a serotonin-dependent Q, to adenosine-dependent S mechanism of pMF, similar to our present observations with severe intermittent hypoxia. Although carotid denervation is not a normal biological state, it may provide proof of principle that shifts may occur in the predominance of Q vs. S pathways to AIH-induced pLTF.
We previously reported that AIH-induced pLTF correlates with the magnitude of the short-term hypoxic phrenic response in meta-analyses of multiple studies (4, 14) . On the other hand, there was no correlation between the Pa O 2 during AIH and pLTF in the range of 30 -60 mmHg. Here, we extend the range of these meta-analyses to 25 mmHg, giving a more direct comparison between moderate vs. severe AIH. Overall, our observation of greater pLTF following severe vs. moderate AIH is not inconsistent with earlier reports from our laboratory in this same experimental preparation. However, greater pLTF after severe AIH and the transition from the "Q" to the "S" pathway may have a threshold between the 25-to 30-mmHg range vs. the 30-to 60-mmHg range previously studied.
The larger hypoxic phrenic response during severe (vs. moderate) AIH is predictable based on the shape of the carotid chemoreceptor response to hypoxia (23) . Thus the greater pLTF following severe AIH may have resulted from the greater hypoxic phrenic response per se. On the other hand, suppression (48) or elimination (6) of carotid chemoreceptor inputs during moderate AIH greatly attenuates the hypoxic phrenic response, with proportionately less effect on pLTF. Thus we suggest that these are independent events, and that the (spinal) adenosine-dependent pLTF following severe AIH arises from direct effects of hypoxia in the CNS vs. greater carotid chemoreceptor activation (or short-term hypoxic phrenic response).
pLTF Following Moderate AIH is Constrained by A2A Receptor Activation
Although pLTF elicited by AIH in the range of 35-45 mmHg requires spinal serotonin receptor activation (3), it is constrained by A2A receptor activation (20) , even though A2A receptor activation alone elicits pMF (17) . Here we confirm that moderate AIH-induced pLTF requires spinal serotonin receptor activation (Figs. 4, B and D, and 5B) and is enhanced by spinal administration of an A2A receptor antagonist (Figs.  3, B and D, and 5B). Thus our results are consistent with reports of cross-talk inhibition between G s -and G q -dependent pathways (33, 46, 47) . Additional data from our laboratory suggest that the S pathway constrains the Q pathway due to activation of protein kinase A, which phosphorylates and inhibits NADPH oxidase-dependent reactive oxygen species formation (20; Hoffman and Mitchell, unpublished observations).
Severe AIH-Induced pLTF is Adenosine (Not Serotonin) Dependent
Here, we demonstrate a novel mechanism leading to an enhanced form of pLTF. This mechanism is revealed by increasing the hypoxic severity during AIH. We conclude that severe AIH shifts the system from predominant serotonergic to predominant adenosinergic mechanisms of pMF. This shift may arise from greater ATP/adenosine/adenine release from neurons and astrocytes during hypoxic episodes (43, 49, 18, 30) , thereby increasing extracellular adenosine levels (41) .
Previous studies of sustained moderate (Ͼ35 Torr) vs. severe (Ͻ26 Torr) hypoxia in chemodenervated cats (16) demonstrate 1) mild sustained hypoxia elicited pMF, whereas 2) severe hypoxia caused prolonged adenosine-dependent phrenic inhibition (16) . In their study, pMF following moderate hypoxia required brain regions rostral to the brain stem, whereas prolonged inhibition following sustained severe hypoxia required the rostral mesencephalon (34) . Phrenic inhibition following sustained severe hypoxia may have arisen from A1 receptor activation, in contrast to our study, where severe intermittent hypoxia may have released less adenosine, eliciting pMF via A2 receptor activation. Indeed, greater relative A2A receptor activation on near-phrenic motor neurons is expected to elicit pMF (17) . The studies of Millhorn and colleagues (16, 34) were performed using sustained hypoxia in glomectomized cats, and, thus, we remain uncertain concerning the differential impact of sustained vs. intermittent hypoxia, carotid denervation, and/or species.
Although the (adenosine-dependent) pLTF observed following severe AIH is phenotypically similar to (serotonin-dependent) pLTF following moderate AIH, there are some possible differences to consider: 1) pLTF is robust immediately following severe AIH (and appears to be ramping up in the intervals between hypoxic episodes), but only slowly develops following moderate AIH (Fig. 2) ; and 2) pLTF following severe AIH may or may not be pattern sensitive, as has been shown for moderate AIH (5) . In fact, since adenosine accumulation would be equal or greater following severe sustained (vs. intermittent) hypoxia, pattern-insensitive pLTF may arise (see above). This possibility has not yet been explored.
Conclusions
In this report, we demonstrate that rats use different pathways to pMF depending on severity of intermittent hypoxia inducing the respiratory plasticity. Thus multiple cellular cascades, each leading to pMF (9) , interact in complex and interesting ways, providing a range of potential responses in the face of changing physiological conditions or the onset of disease. A detailed understanding of cellular/synaptic mechanism(s) giving rise to pMF in different circumstances may help guide the development of novel therapeutic strategies for severe ventilatory control disorders, including obstructive sleep apnea and respiratory insufficiency following cervical spinal injury or during motor neuron disease (37) .
